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Virulent Yersinia pestis was grown on heart infusion blood agar and exam-
ined by scanning electron microscopy, exposing the fraction 1 envelope antigen
on cell surfaces as a lumpy coating that spilled into the surrounding milieu. The
amount of antigen depended on both the duration and temperature of incuba-
tion. Comparison of the cultures grown at 37°C for 24, 48, and 72 h with those
grown at 22°C for identical periods demonstrated that the antigen increased in
amount with the length of incubation, and that the overall production of antigen
was much greater at 37°C than at 22°C. These experiments visually confirmed
the findings of our previous immunological studies. Moreover, we established
that the closely related, virulent organism Y. pseudotuberculosis bears no such
antigenic coating at any temperature or incubation period. In addition, the
emergence of multiple flagella was noted when Y. pseudotuberculosis was
grown at 22°C in a liquid medium, whereas Y. pestis remained without these
organelles. These observations perceptibly corroborated the absence of fraction 1
envelope antigen and the presence of flagella, respectively, for distinguishing Y.

pseudotuberculosis from Y. pestis.

Earlier studies (2, 4, 12) reported that the
fraction 1 envelope antigen of Yersinia pestis is
of paramount importance in immunizing
against plague. As long ago as 1914, Rowland
(14) originally demonstrated that the envelope
antigen could be enhanced simply by raising
the incubation temperature to 36°C. In 1932,
Schiitze (15) again proved that the antigen
could be produced in quantity only by fully
virulent cultures grown at 37°C.

Some 20 years later, Amies (1) found that in
cultures grown at 37°C, such an “envelope”
could be demonstrated by means of a wet India
ink preparation illuminated by a dark-field
condenser. The envelope emerges as a dark
area surrounding the bacterial cells, and when
the bacteria are grown under favorable condi-
tions, the width of the envelope may exceed
that of the cell itself. Subsequently Chen et al.
(7) grew virulent Y. pestis on nutrient agar at
diverse temperatures for 72 h, estimating yields
of fraction 1 envelope antigen by the reverse
complement fixation test. The highest yield
came from pathogens grown at 37°C. A few
years later, Crocker and his co-workers (9),
using virulent Y. pestis grown on a collodion
film over nutrient agar at 37°C for 24 h, pro-
duced electron micrographs illustrating
sharply outlined, highly electron-dense bodies
embedded in a material of low electron den-

sity —the envelope antigen—which was homo-
geneous throughout and easily washed from
the film with distilled water. More recently, we
studied the development and ultrastructure of
fraction 1 envelope antigen in both virulent and
avirulent strains of Y. pestis growing for var-
ious periods at a temperature of 37°C (5). We
found that the maximal amount of extracellu-
lar envelope material could be obtained when
the cells were incubated at 37°C for 72 h.

The intent of the present experiments was to
substantiate our previous fine-structural evi-
dence and to visualize the antigen on cell sur-
faces by means of scanning electron microscopy
(SEM). Concomitantly, we investigated the
evolution of flagella on the antigenically re-
lated, virulent Y. pseudotuberculosis.

MATERIALS AND METHODS

Microorganisms. The virulent species Y. pestis
T1 (5) and Y. pseudotuberculosis (type I) were main-
tained in a lyophilized state at 4°C, with transferal
of selected working cultures to heart infusion blood
agar slants.

Procedures. For SEM studies, the Y. pestis was
grown on two heart infusion blood agar slants, one
incubated at 22°C and the other at 37°C. Cultures
were fixed in situ with 2% glutaraldehyde in Dul-
becco modified Eagle medium for 1 h after 24, 48,
and 72 h of growth at each temperature. They were
then transferred to polylysine-coated cover slips and
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fixed for an additional 15 min. After several rinses
with distilled water, the cultures were dehydrated
in a graded series of ethanols, followed by a second
series of ethanol Freon 113, and critical-point-dried
with Freon 13 (8). They were then coated with 20.0-
nm layer of gold-palladium and subsequently ex-
amined and photographed in a Cwickscan field-
emission SEM.

The highly purified, soluble fraction 1 envelope
antigen of Y. pestis (1 mg/ml in saline) was origi-
nally prepared for plague immunization and used as
the specific fraction 1 antigen for complement fixa-
tion and hemagglutination antibody tests (2, 6). The
antigen was fixed by the addition of an equivalent
volume of 4% glutaraldehyde in neutral 0.1 N
NaPO, buffer. After 1 h of fixation, the solution was
transferred to polylysine-coated cover slips, allowed
to settle for an additional 15 min, and then processed
as above for viewing.

For investigating the ultrastructure of flagella,
the virulent Y. pseudotuberculosis species, with Y.
pestis serving as a control species, were grown in
heart infusion broth at either 22 or 37°C for 48 h. The
organisms were then fixed in 2% glutaraldehyde in
culture medium, and single drops of the culture
were transferred to polylysine-coated cover slips and
processed in the same manner as described earlier
for Y. pestis.

RESULTS AND DISCUSSION

Y. pestis. Virulent Y. pestis (strain T1) orga-
nisms grown at 22°C for different incubation
periods yielded small quantities of fraction 1
envelope antigen, detectable as a particulate
coating on the bacterial surfaces and the sur-
rounding milieu. Figures 1, 2, 5, and 7 are
scanning electron micrographs of a series incu-
bated for 24, 24, 48, and 72 h, respectively, at
22°C. The morphological aspects of the microco-
lony (Fig. 1) revealed structures similar to the
magnified single cells depicted in Fig. 2, 5, and
7. Here the bacilli are seen as sharply deline-
ated rods with fairly smooth surfaces at 24- and
48-h incubation times (Fig. 2 and 5). A few
particles coat the surfaces of cells incubated for
72 h, and some spill into the extracellular space
(Fig. 7); but in comparison to the amount of
antigen produced by cells incubated for only 24
h at the higher temperature, the yield of sur-
face antigen is scant.

When the same virulent Y. pestis T1 was
grown on heart infusion blood agar for 24 to 72
h at 37°C, the abundant granular particles cov-
ering the surfaces of bacterial cells could be
clearly visualized (Fig. 3, 4, 6, 8, and 12). These
surfaces seemed rough and lumpy, with parti-
cle fragments falling into the outer environ-
ment. The longer the incubation time, the more
surface particles were present. That the scat-
tered particles and aggregates, as well as par-
ticulate strands in the extracellular space, rep-
resented the soluble envelope antigen (Fig. 8
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and 12), was verified by the appearance of iden-
tical particulate material, including the
strands (arrows), in a micrograph of the 1%
soluble fraction 1 envelope antigen preparation
(Fig. 11). Moreover, this observation is further
supported by the contention of previous plague
researchers (4, 10, 15) that more envelope anti-
gen can be recovered from cells and superna-
tant fluid from cultures grown at 37°C for 72 h.
The considerable prominence of the particles,
both on the cell surfaces and outside, is worth
comment since the antigen is essential for pre-
paring immunogenic cultures of Yersiniae for
immunization against plague.

The envelope antigen is normally soluble and
can be washed from the cell surfaces with dis-
tilled water (9). However, by fixing the cultures
in situ before washing, we believe that we pre-
served more of the surface antigen. The frag-
ments observed around the organisms were
mostly aggregates of antigen particles, which
either had first dissolved and then become re-
precipitated during processing, or had been
knocked from the surfaces of cells.

Habig et al. (11), by means of acrylamide gel
electrophoresis, demonstrated that fraction 1
antigen consists of a heterogenous protein pop-
ulation and suggested that Y. pestis fraction 1
contains a series of molecular aggregates with
identical subunits. In this connection, Bennett
and Tornabene (3) recently reported that the
soluble fraction 1 antigen of Y. pestis exists as
aggregates of molecular weights of more than
300,000, and each aggregate can be further dis-
sociated into a single antigenic subunit with a
molecular weight of 15,000 to 17,000 by a “disso-
ciation” treatment with 0.1% mercaptoethanol
in 0.25% sodium dodecyl sulfate at 95°C for 5
min. Hence, our SEM studies would appear to
have visually confirmed these physicochemical
observations (see Fig. 11 and 12).

It should be noted that those bacilli that pro-
duced only slight surface antigen were sur-
rounded by few (if any) free particles (Fig. 7).
The strings (arrows) brokenly encircling the or-
ganisms in Fig. 8 and 12 (and also in Fig. 11, a
micrograph of highly purified fraction 1 solu-
tion) were also mostly made up of the antigen,
if one examines them carefully with a low-
magnification lens. Figure 6 (a 48-h culture)
exposes as much granular surface component
as cultures grown for 72 h, which was antici-
pated. But the free particles and aggregates
were seen much less often than in others (e.g.,
72-h cultures at 37°C).

Y. pseudotuberculosis. Occasionally, in the
study of Y. pseudotuberculosis and Y. pestis,
particular attention was focused on differen-
tiating between the two. Obviously, this is a
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. 1. Scanning electron micrograph of a Y. pestis T1 colony grown at 22°C for 24 h. x20,000.
. 2. A single Y. pestis bacillus grown at 22°C for 24 h. x59,000.

. 3. Y. pestis colony cultured at 37°C for 24 h. x15,000.

. 4. Y. pestis cultured at 37°C for 24 h. Note the “lumpy” surfaces of the organisms. x43,000.




F1G. 5. Y. pestis grown at 22°C for 48 h. x62,000.

Fic. 6. Y. pestis grown at 37°C for 48 h. Compare the plentiful surface particles with the scanty amount in
Fig. 5. x40,000.

Fic. 7. Y. pestis grown at 22°C for 72 h. The particles on their surfaces and encircling the two bacilli
represent the envelope antigen. x55,000.

Fic. 8. Y. pestis grown at 37°C for 72 h. Observe the abundance of particulate antigen, both on the bacilli
and in the substrate. Arrows indicate strings of antigen. x30,000.
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matter of utmost importance when the investi-
gator is working in an “quiescent” plague area
or in a previously infected region (13). Fre-
quently it is difficult to distinguish between
these two gram-negative bacteria with the light
microscope, and their intimate immunological
relationship makes distinction by conventional
serological tests difficult. Our differentiation of
these two species by ultrastructural surface
morphology is therefore significant—i.e., the
presence of flagella in Y. pseudotuberculosis at
22 but not at 37°C or at any other temperature
for growing plague bacilli (16) (micrographs not
shown here), and the lack of these organelles in
Y. pestis at all temperatures and incubation
periods. In 1965, Quan et al. (13) demonstrated
flagella on the cell surfaces of Y. pseudotuber-
culosis (reported, however, as P. pestis) by
transmission electron microscopy, and then
amended their designated plague bacillus to
the P. pseudotuberculosis strain. However,
this is an arduous and time-consuming method;
SEM is both faster and more reliable. Our ob-
servation of flagella on the surfaces of Y. pseu-
dotuberculosis organisms by SEM affords a
new and quicker technique for distinguishing
the two species, a method which in all like-
lihood has added another dimension to our mor-
phological knowledge of plague and the pseudo-
tuberculosis bacillus.
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F1c. 9. Colony of Y. pseudotuberculosis grown at 22°C for 48 h. Arrows designate flagella. x24,000.
Fic. 10. Y. pseudotuberculosis bacillus cultured at 22°C for 48 h. Note the prominent flagella (arrows).

x43,000.

Fic. 11. Highly purified fraction 1 envelope antigen of Y. pestis. Particles and aggregates are scattered
throughout the field of vision. Arrows indicate antigen strands. x15,000.

Fic. 12. Y. pestis grown at 37°C for 72 h. Numerous antigen particles, as well as some aggregates, are
apparent both on the bacilli and in the substrate. The arrow points out an antigen string. x10,000.



